The phase behavior of aqueous 1,2-dimyristoyl-sn-glycero-3-phosphorylcholine (DMPC)/1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) mixtures between 8.0 C and 41.0 C were monitored using Raman spectroscopy. Temperature-dependent Raman matrices were assembled from series of spectra and subjected to multivariate analysis. The consensus of pseudo-rank estimation results is that seven to eight components account for the temperature-dependent changes observed in the spectra. The spectra and temperature response profiles of the mixture components were resolved by applying a variant of the non-negative matrix factorization (NMF) algorithm described by Lee and Seung (1999) . The rotational ambiguity of the data matrix was reduced by augmenting the original temperature-dependent spectral matrix with its cumulative counterpart, i.e., the matrix formed by successive integration of the spectra across the temperature index (columns). Successive rounds of constrained NMF were used to isolate component spectra from a significant fluorescence background. Five major components exhibiting varying degrees of gel and liquid crystalline lipid character were resolved. Hydrogen-bonded water networks exhibiting varying degrees of organization are associated with the lipid components. Spectral parameters were computed to compare the chain conformation, packing, and hydration indicated by the resolved spectra. Based on spectral features and relative amounts of the components observed, four components reflect long chain lipid response. The fifth component could reflect the response of the short chain lipid, DHPC, but there were no definitive spectral features confirming this assignment. A minor component of uncertain assignment that exhibits a striking response to the DMPC pre-transition and chain melting transition also was recovered. While none of the spectra resolved exhibit features unequivocally attributable to a specific aggregate morphology or step in the gelation process, the results are consistent with the evolution of mixed phase bicelles (nanodisks) and small amounts of worm-like DMPC/DHPC aggregates, and perhaps DHPC micelles, at low temperature to suspensions of branched and entangled worm-like aggregates above the DMPC gel phase transition and perforated multi-lamellar aggregates at high temperature.
Introduction
Early work with mixtures of short-and long-chain phospholipids focused on their utility in preparation of small unilamellar aggregates. 1 Shortly, the dramatic changes in aggregate size, 2 phase separation, 3 solution viscosity, 4 and magnetic field alignment 5 that occur when these mixtures are heated were documented. The aggregates were proposed to form bicelles, disk-like structures of long-chain phospholipids, often 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), forming a bilayer that is stabilized at its edges by short-chain phospholipids, often 1,2-heptanoyl-snglycero-3-phosphocholine (DHPC), that fuse to form larger mixed micelles. [5] [6] [7] Studies of the aggregate phase transition using nuclear magnetic resonance (NMR) spectroscopy, 7 small angle neutron scattering 8, 9 (SANS), and fluorescence probes 10 eventually culminated in electron microscopy studies, 11 which show that mixed lipid aggregates exhibit a wide range of morphologies including worm-like micelles Department of Chemistry and Biochemistry, University of Delaware, Newark, DE, USA and perforated lamellae as the total lipid concentration, long-chain to short-chain lipid ratio (q), and temperature are increased. Nuclear magnetic resonance spectroscopy and SANS studies have shown that mixed lipid aggregate morphology is path-dependent, 12 but heating typically converts disk-shaped bicelles to wormlike (or ribbon) and perforated multi-lamellar aggregates. 13, 14 Recently, Björnerås et al. used diffusion NMR and numerical analysis to study the aggregation of low concentration (50-300 mM), low long-to-short chain ratio (q ¼ 0.5) DMPC/DHPC mixtures. 15 They found that at low q values, these mixtures form bicelles (disks) over a wide range of concentrations.
One of the mixed length lipid aggregate properties that became more apparent as studies were conducted outside the magnetic field is the capacity of mixed lipid solutions to form reversible hydrogels, connecting these systems with recent interest in small molecules that gel water. 16, 17 Gels can be formed in polar or non-polar solvents by dissolution and aggregation of amphiphiles that form three-dimensional aggregate networks. 18 Hydrogel formation is attributed to the entanglement of fibrous aggregates, which traps water by surface tension. In most reports, the amphiphile is a polymer, but reports of small molecule and low molecular weight hydrogelators are growing, motivated by a wide range of potential applications 19, 20 and recent advances demonstrating principles that enable rational hydrogelator design. 16, 21 The applications for which hydrogels are being studied and developed include nanoelectronics, 20 tissue engineering, 19 bioseparations, 22, 23 controlled drug release, 24 and pollutant recovery. 25 The ability of hydrogels to respond to external stimuli 18, 26 has made them important scaffolds for smart materials. Like small organic gelators, mixed lipid aggregates self-assemble by non-covalent interactions, producing gels that are thermally reversible and biodegradable. These properties are valued in applications and motivate much of the interest in these systems.
Raman spectroscopy has a long history of utility in investigations of the structure of lipids undergoing phase transitions [27] [28] [29] [30] and measurements of bilayer packing and order. 31, 32 Raman bands characteristic of gel and liquid crystalline lipids can be observed in the C-H and C-C stretching regions, even when collected from single vesicles. 33, 34 The O-H stretch of water hydrogen-bonded to the lipids also provides also information regarding the structure of hydrated lipids. [35] [36] [37] One of the challenges of using vibrational spectroscopy to monitor lipid structural transitions is the difficulty of isolating components in overlapped mixture spectra. Collecting broadband spectral measurements at multiple frequencies as a response to varying sample or reaction properties generates a matrix of the form D ¼ XY T , where the columns of matrices X and Y are the spectra and composition profiles of the mixture components, respectively. Matrix formatting increases the selectively of spectral measurements because matrices are amenable to numerical analyses, such as self-modeling curve resolution (SMCR). [38] [39] [40] However, even vibrational spectra, which are comparatively narrow and information-rich, lack sufficient selectivity to resolve all the components of any but the simplest mixtures without ambiguity. Analysts use a range approaches including numerical constraints, 41 expanded measurement dimensions, 42 and concatenation or stacking of related measurements 43 to reduce this rotational ambiguity in analysis of spectral matrices of mixtures. Kitt et al. 34 surveyed the use of physical models to resolve the spectra, X, from vibrational spectral matrices by incorporating additional information from complementary measurements into the curve-resolution scheme. They used composition information from calorimetric measurements to augment temperature-dependent Raman spectra collected during the lipid bilayer phase transition of optically trapped lipid vesicles. Their results showed marked improvement in the quality of the spectra resolved using unconstrained SMCR (piecewise decomposition).
This report describes the resolution of component spectra from matrix-formatted Raman spectra collected as heated DMPC/DHPC mixed lipid aggregates are cooled through the alkyl chain melting and gel formation transitions. In this report, the selectivity of the measurement is increased by concatenating the original temperature-dependent spectral matrix with its cumulative counterpart: the matrix formed by successive addition of spectra along the temperature index of the matrix. The concatenated data set, i.e., cumulative and original matrices, was analyzed using a variant of the non-negative matrix factorization (NMF) algorithm developed by Lee and Seung. 44 The bands that appear in the component spectra are assigned and their associated temperature profiles are interpreted in terms of the structures of the lipids and water as the system cools past the alkyl chain melting transition of the long-chain lipid.
Materials and Methods

Preparation of Lipid Mixtures
A procedure based on the consensus of several reported bicelle and mixed lipid suspension preparations 10, 22, [45] [46] [47] was adapted for Raman measurements. 1,2-heptanoyl-snglycero-3-phosphocholine (DHPC) and 1,2-dimyristoyl-snglycero-3-phosphocholine (DMPC) were purchased and used as received from Avanti Polar Lipids. DHPC, which is very hygroscopic, was supplied in sealed glass ampoules containing 25 mg of lipid; DMPC was supplied as a dry powder. A stock buffer solution containing 10 mM phosphate and 0.15 mM sodium azide (Thermo Fisher Scientific) at pH 6.6 was prepared without D 2 O in HPLC grade water (Alfa Aesar) and used for all lipid solutions. The university glassblower fabricated a custom sample vial that could be thermally sealed in a glove box to preserve its inert headspace. In the glove box, the contents of a DHPC ampule was transferred to the glass vial and weighed by difference. Sufficient DMPC and buffer to produce a 25% (w/w) suspension of DMPC/DHPC with a molar ratio (qvalue) equal to 3.0 were added to the sample vial. The detergent properties of the highly soluble DHPC promote the dissolution of DMPC. After sealing, the vial was vortexed for 5 min to initiate solubilization of the lipids. The mixed lipid solution was then subjected to at least three thermal cycles with vortexing to ensure that the lipids were thoroughly hydrated and mixed. Thermal cycling was also important to push the sample through the various aggregate morphology and hydrogel formation/disruption transitions. The cycle consisted of: (1) 
Raman Spectroscopy
Raman spectra were collected using the HoloProbe Raman Analyzer (Kaiser Optical Systems). The output beam of a doubled neodymium-doped yttrium orthovanadate (Nd:YVO 4 ) laser (Spectra Physics Millennium X) was attenuated and coupled into the analyzer probe input so that a 55-65 mW 532 nm beam was incident on the sample. The sample temperature was controlled by clamping the sample vial in a small water-jacketed beaker connected to a temperature regulated water bath (Isotemp Model 910, Thermo Fisher Scientific). The vial and beaker were located so that the incident beam was focused just inside the sample vial wall. The temperature of a surrogate water sample was monitored over a range of 8.0-41.0 C directly to verify the accuracy of the bath temperature. Spectra were acquired for 1 s; five serial measurements were averaged for each temperature. The dark spectrum (incident light blocked) was collected and subtracted from all sample spectra.
Data Analysis
The data collected in the measurements reported here consist of Raman spectra collected as a function of temperature. Arranging these spectra into an mxp data matrix, D, where m is the number of points in each spectrum and p is the number of points in each temperature profile, makes the data amenable to a wide range of numerical analyses. Since the Raman signal is concentration-dependent, the data matrix is the sum of the outer (vector) products of each sample component spectrum and the temperature dependence of that component in the sample. In matrix format, the matrix can be written as
where the columns of the matrices X and Y are the Raman spectra and temperature profiles of the sample components, respectively, and the elements of the mxp matrix E contain background and measurement errors. The matrix D can be analyzed to estimate the number of spectrally distinct species contributing to the matrix, i.e., the pseudo or chemical rank, which is reflected in the number of columns of X and Y. In this report, the analysis is promoted by augmenting the experimental matrix with its cumulative counterpart:
where S is a pxp upper triangular matrix of ones scaled by the number of spectra, p. Like the original matrix, the concatenated matrix, D , is the outer product of each sample component Raman spectrum and the temperature profile of that component, but the concatenated temperature profile, Ŷ , is extended by a crude estimate of its integral. Using pseudo-rank estimation, background correction and curve resolution algorithms, the analysis generates a reconstructed matrix,D, that is the product of spectrum and temperature profile estimates:
where the superposed carat indicates matrix estimates. In the results presented below, the number of mixture components was estimated from the consensus of signal processing and statistical methods. These methods base pseudo-rank estimates on the high frequency content 48, 49 or relative magnitude 50 of the signal components. The profiles of the scattering spectra and temperature-dependent composition were resolved from the data matrix using NMF, a SMCR algorithm that searches for the non-negative factors,X andŶ, that minimize the difference between the augmented data matrix, D , and the reconstructed factor product,D . A detailed description of the determination of the pseudo-rank and curve resolution procedures is provided in the supporting information.
Results and Discussion
Figure 1 depicts matrix-formatted Raman spectra collected as a q ¼ 3, 25% (w/w) mixture of DMPC and DHPC was heated to 41.0 C then cooled to 8.0 C. This matrix is the sum of the outer (vector) products of the Raman spectrum and corresponding temperature response profile of each mixture component, superimposed on a substantial fluorescence background. Pseudo-rank analysis, i.e., estimation of the number of spectrally distinct components, based on the combined results of visual, statistical, and information content analysis of the data [48] [49] [50] indicate that seven to eight components contribute to the matrix. The details of the rank estimation procedures applied to the matrix depicted in Fig. 1 are provided in the Supplemental Material online. As outlined in the Data Analysis section, scattering/temperature matrices can be factored into two matrices comprised of the (normalized) sample component spectra and their corresponding temperature response profiles, respectively, using several types of SMCR algorithms. 38, 40, 51 The results presented here were generated using the multiplicative update algorithm of Lee and Seung, 44 as described by Mirzal. 52 Additional information about the application of this NMF algorithm is summarized in the ''Materials and Methods'' section and described in the Supplemental Material, available online. Figure 2 shows the eight component spectra and temperature profiles resolved from a scattering/temperature matrix of an aqueous q ¼ 3, 25% (w/w) DMPC/DHPC mixture using NMF without constraints, background correction, or augmentation by concatenation with its cumulative counterpart. Figure 2 , and those that follow, feature eight-component NMF solutions, but the application of other SMCR strategies using as few as five components preceded the analysis described here. In every case, the resulting solution was clearly unresolved or exhibited unphysical features. In the most extreme case, using five components in SMCR via constrained nonlinear optimization 53 linearized the kinetic profiles of the lipid components so that they lack the sigmoidal shape expected for long-chain lipids. Even when the number of components is increased to eight, applying unconstrained NMF to the data matrix alone (not augmented) does not generate representative factors as Fig. 2 shows. Not only are most of the spectra superimposed on significant fluorescence backgrounds, more importantly, only two of the component profiles exhibit much dependence on temperature. These data illustrate the rotational ambiguity produced by the selectivity deficit of this type of data set: there is sufficient variation to indicate that seven to eight distinct components contribute to the data, but insufficient information to specify each spectrum and temperature profile unambiguously.
The strategies analysts have used to reduce the rotational ambiguity of spectral matrices for curve resolution methods are briefly surveyed in the Introduction and the references cited there. In this report, the selectivity of the measurement is increased by simultaneously analyzing the matrix and its cumulative, or integrated, counterpart: the matrix formed by successive addition of the matrix columns along the temperature axis. The columns of the cumulative matrix are linear combinations of the same spectra as the original matrix, but the cumulative addition across the columns generates distinct, monotonic temperature profiles for each component that has a different temperature response. Moreover, the successive addition provides modest noise reduction, in addition to that provided by the singular value decomposition. Figure 3 shows the spectra and temperature profiles resolved from the augmented data set (cumulative plus original) by applying the NMF algorithm without constraints or background correction. The temperature profiles are plotted against a relative temperature axis so that the original profiles appear behind the cumulative; the profiles would overlap if they were plotted versus actual temperatures. The cumulative temperature profiles (relative temperature <1) are incompletely refined and background fluorescence is apparent in six of the eight spectral factors, but the spectral profiles do reflect the variation in lipid conformation and hydration expected as sample temperature increases and the two largest raw temperature profiles (relative temperature >1) exhibit the kind of sigmoidal profile expected for lipid chain melting transitions.
Removing the background fluorescence and isolating the spectra containing significant features, such as the sharp band at 2431 cm À1 in Component 2 of Fig. 3 , are important to interpreting the component spectral and temperature profiles. A number of methods for Raman background estimation and baseline correction have been reported, including moving average estimation, 54 wavelet filtering, 55 adaptive least squares fitting, 56 and least squares polynomial fitting. 57 Here, the first background spectrum was estimated by factorization of the cumulative matrix using a generalized rank annihilation algorithm. 58 When the spectra corrected by the first background (5 and 6) and the flat-baseline spectra in Fig. 3 (7 and 8) were used to constrain the NMF algorithm applied to the concatenated data set, the resolved spectra included one dominated by the 2431 cm À1 band from Component 2 in Fig. 3 , and a second background spectrum that was shifted to higher wavenumbers. The complete set of eight background-corrected component spectra was generated after two successive rounds of constrained NMF of the concatenated data set with previously resolved component spectra fixed. The spectra and temperature profiles resolved using this approach are shown in Fig. 4 . Spectra were also estimated by using successive rounds of NMF to isolate the background spectra and using them to correct the spectra resolved by the unconstrained algorithm (Fig. 3) without any spectral refinement. Figure 5 shows the spectra and temperature profiles resolved from the scattering/ temperature matrix depicted in Fig. 1 using NMF with the spectra fixed to the background-corrected spectra from Fig. 3 . The spectra and temperature-dependent profiles of the components generated using the two approaches are similar, indicating that the results are robust to data analysis variations. Table 1 lists the assignments of the bands used to interpret the results in Figs. 4 and 5. Three vibrational band regions exhibit the largest changes with lipid structure and conformation. 30, 37, 59 They are: (I) 1050-1200 cm À1 , where C-C stretching is observed; (II) 1300-1500 cm
À1
, where alkyl chain -CH 2 and -CH 3 conformational changes and motions are observed; and (III) 2800-3050 cm À1 , where C-H stretching is recorded. The O-H stretches of hydrogen-bonded water (IV), which produce overlapping bands in the range of 3050-3700 cm À1 , were also considered. The underlying components of the O-H stretch band envelope have been assigned 37 to water molecules in ice-like ($3200 cm À1 ); liquid-like ($3450 cm À1 ), amorphous ($3550 cm À1 ), and isolated ($3650 cm À1 ) hydrogen bonding environments.
Five components dominate the Raman spectra collected while q ¼ 3, 25% (w/w) DMPC/DHPC mixtures were cooled from 41.0 C to 8.0 C: components 4-8 in Fig. 4 . The spectra of these components in Regions I through IV are compared in Fig. 6 . (The color scheme of Fig. 6 matches that of Fig. 4 , but a solid line is used for 8 since 1 is not shown.) Table 2 lists several spectroscopic parameters 30, 32, 60 computed to compare the bands depicted in Fig. 6 . Ratios of the in-phase C-C stretch at 1129 cm À1 to the out-of-phase C-C stretch at 1085 cm À1 , the bandwidth of the CH 2 twist at 1300 cm À1 and apparent resolution, R ¼ I 1 -I 2 /(I 1 þ I 2 ), of the CH 2 scissoring doublet at 1450 cm À1 reflect the conformational order of the lipid 
36,37
Based on the location and size of the bands in the four regions shown in Fig. 6 and the parameters in Table 2 , the resolved lipid components can be assigned as follows: 8 ¼ 8 LC/dliq: liquid crystalline lipids (LC) associated with disordered hydrogen-bonded water networks comprising liquid-like and amorphous water (dliq); 7 ¼ 7 LC/oliq: liquid crystalline lipids (LC) associated with slightly organized hydrogen-bonded water networks (oliq); 6 ¼ 6 ML/ oliq: partially melted gel phase lipids (ML) associated with slightly organized hydrogen-bonded water networks (oliq); 5 ¼ 5 GL/ice: mostly trans DMPC gel phase lipids (GL) associated with hydrogen-bonded water networks containing more ice-like than liquid water (ice); and 4 ¼ 4 ML/oliq: partially melted gel phase lipids (ML) associated with slightly organized hydrogen-bonded water networks (oliq).
Qualitative comparisons with the spectra of single-phase lipids in the literature 32, 34, 61 indicate that the conformational order of the lipids in Component 8 (8LC/dliq) is very similar to that of the liquid crystalline L a state of long-chain lipids, but the chain packing is looser. Similarly, the lipids in Component 5 (5GL/ice) exhibit more conformational order and closer packing than gel phase lipids at comparable temperatures. The parameters in Table 2 indicate that the lipids in Component 7 (7LC/oliq) have similar conformational order to 8LC/dliq, but are packed more tightly. The spectra of 6ML/oliq and 4ML/oliq are very similar to each other. They are more ordered than lipids in L a , but similarly packed. The C-C stretches in Region I indicate that the alkyl chains of 4ML/oliq have fewer gauche bonds: the ratio of the in-phase C-C stretch at 1129 cm À1 to the out-of-phase C-C stretch at 1085 cm À1 is higher. On the other hand, the width of the ML/oliq CH 2 twist at 1300 cm À1 indicates that chain motions are more restricted than 4ML/oliq. The resolution of the 6ML/oliq CH 2 scissor bend at 1441 cm À1 is small, but consistent with greater restriction.
The minor spectra, Components 1-3 in Fig. 4 , are depicted in Fig. 7 . They are more difficult to assign because low signal-to-noise (S/N) ratios obscure their bands in Regions I-III. The O-H stretch region of Component 3 is similar to that of 5GL/ice, which is a mostly trans gel phase lipid. Component 1 exhibits a similar C-H stretch at 2950 cm À1 to Component 3, but a broad band at 3450 cm À1 , indicating water in a hydrogen-bonded network dominated by liquid-like, rather than ice-like, water. This band is broad and exhibits some intensity around 3550 cm À1 , indicating disordered, ''amorphous'' liquid water as well. Component 2 has a spectrum that is dominated by bands at 2431 and 481 cm À1 . These bands are not listed in typical compendia of lipid transitions. Given its limited scale, unequivocal assignment of this spectrum requires additional investigation. It is interesting, however, that transitions close to both bands have been observed in studies of hydrocarbons adsorbed on metal surfaces. A 2430 cm À1 band was assigned to immobilized methyl group bends and a 485 cm À1 band to adsorbed methyl group torsions. 62 As discussed below, the temperature dependence of this component is consistent with a tentative assignment to surface immobilized methyl groups: the band is observed below the main phase transition and is particularly responsive to the phase transitions of the longchain lipids.
The temperature response of the mixture components as the sample is cooled from 41.0 C to 8.0 C, is presented in the lower panels of Figs. 4, 5, and 7. The structural similarity of the constituent lipids links the scale of the responses to the amounts of the associated components, with the caveat that only 5GL/ice exhibits features definitively attributable to either species. The response of the components is consistent with the spectral assignments. At the lowest temperatures, the sample contains substantial amounts of 5GL/ice and 6ML/oliq, in addition to 7LC/oliq. As the temperature increases, the contribution of 5GL/ice and 7LC/oliq decrease, while those of 6ML/oliq and 4ML/oliq, which exhibit modest gel phase character and are associated with slightly organized liquid water networks, increase. At the phase transition, the contribution of 6ML/oliq and 4ML/oliq drop dramatically, As the temperature increases beyond the transition temperature, the contribution of 7LC/oliq, and to a lesser extent 4ML/oliq, rise, then slowly decrease as the contribution from 8LC/dliq, the fully melted liquid crystalline lipid component associated with the most disordered, fluid water networks, increases. It is interesting that a moderate amount of Figure 6 . Detail of major resolved spectra in spectral regions I-IV. 7LC/oliq is detected below the long-chain lipid melting transition temperature and a small amount of 6ML/oliq, which exhibits restricted CH-bending modes, persists and rises slowly above the transition temperature.
As shown in the bottom panel of Fig. 7 , Component 2 makes the largest contribution to the data of the three minor components. The temperature profile of Component 2, which may reflect immobilized methyl groups on the surface of a lipid aggregate, is orders of magnitude larger than those of Components 1 and 3. The profile is nearly constant below the DMPC phase transition temperature, and spikes at 10.2 C and 22.8 C, temperatures at which the pre-transition 63 and chain melting transition 28 for DMPC are observed. The spectral profiles of Component 1 and 3 are noisy and these components make vanishingly small contributions to the system response. As the bottom panel of Fig. 7 shows, each makes a very small contribution in a small temperature window near the DMPC chain melting phase transition temperature. The small contributions of these components may reflect the low quality of their spectra rather than the contribution of components associated with their features.
The temperature dependence of the resolved components suggests that 5GL/ice melts to 6ML/oliq, 6ML/oliq is converted to 7LC/oliq during the DMPC phase transition, and 7LC/oliq melts to 8LC/dliq. The roles of 4ML/oliq and the minor components are not clear. The high relative concentration (q ¼ 3) of DMPC supports the assignment of Components 5-8 to aggregates composed primarily of the long-chain lipid. There is little evidence of the shortchain lipid in any of the spectra. It is clear from the position of the C-C gauche stretch at 1090 cm À1 that 5GL/ice is primarily the response of DMPC, but a definitive spectral signature for the short-chain lipid was not observed. The high conformational order of the lipids in 5GL/ice and 6ML/oliq are consistent with the model for DMPC/ DHPC bicelle disks. A fluid bilayer with gel phase patches would exhibit higher conformational order and tighter chain packing because the stabilization forces exerted by the short-chain lipids and surrounding water promote greater chain contact. It is interesting that a substantial fraction of DMPC lipids are partially melted below the DMPC phase transition temperature in these mixed aggregates. The high degree of organization of the water network associated with the gel phase component is also noteworthy.
There is little information in the spectrum of 7LC/oliq to distinguish this component, but its initial decrease with temperature and increase as the viscosity of the sample increased make it consistent with the worm-like aggregates that have been observed in DMPC/DHPC aggregates. 13, 22 The somewhat looser chain packing observed in this component (see Table 2 ) is also consistent with this hypothesis. If this assignment is correct, the sample is fluid at lower temperatures because this component is a smaller fraction of the sample, then becomes a gel as this component captures a larger fraction of the lipids. Gel formation may also reflect the extent of branching and entanglement of the worm-like aggregates. The temperature dependence of the viscosity of q ¼ 2.9 DMPC/DHPC mixtures between 3% and 15% (w/w) observed by Struppe and Vold 4 suggests that a drop in the viscosity of q ¼ 3, 25% (w/w) mixtures below 1e4 cP would be observed above $45
C. If Raman measurements can be extended to Figure 7 . Raman spectra and temperature profiles of low S/N ratio components resolved from q ¼ 3, 25% (w/w) DMPC/DHPC concatenated cumulative sum and original scattering/temperature matrices by successive rounds of constrained NMF.
higher temperatures without degrading the sample and coupled to viscosity measurements, it may be possible to verify a connection between mixture viscosity and 7LC/ oliq composition. As the temperature continues to increase, the data indicate that 7LC/oliq is converted to 8LC/dliq. As mentioned, the chain conformation of 8LC/dliq is similar to that observed in L a state of long-chain lipids, but its chain packing is looser than in 7LC/oliq. Previous studies of short-and long-chain lipid mixtures report that worm-like cylindrical aggregates are converted to multi-lamellar structures perforated with DHPC stabilized holes when heated. 12, 14 The fluid chain conformation, loosened chain packing, and disordered water network of 8LC/dliq are consistent with, but not indicative of, this model.
As mentioned, the role of 4ML/oliq is unclear. The divergence in the behavior of 4ML/oliq and 6ML/oliq is notable because they have such similar spectra. These two components exhibit similar responses to temperatures below the DMPC chain melting transition temperature, indicating that 4 ML/oliq also could be generated by 5GL/ice melting. However, 4ML/oliq is re-established above the DMPC phase transition, then slowly decreases, whereas 6ML/oliq slowly increases. Since 4ML/oliq is a small component that does not exhibit large changes in contribution as the temperature changes and decreases at high temperature, it is possible that this component reflects the aggregates dominated by the short chain lipid, DHPC. However, the relatively high conformational order of the lipid chains (I 1129 /I 1085 in Table 2 ) does not support a globular micelle structure. Studies using deuterated short chain lipids could resolve this issue definitively.
These results demonstrate the utility of matrix augmentation in reducing the rotational ambiguity in numerical mixture analysis problems. It must be noted that the temperature response of the background was likely an aid to resolution in this case. The quenching of the fluorescent background at higher temperatures not only promoted the isolation its spectrum, it also likely mitigated the large difference in the scale of the lipid and water transitions. Attempts to test this idea directly by application of the NMF to background-corrected spectra were unsuccessful because of the algorithm's vulnerability to the spikes and shifts baseline correction introduced into the data set. Additional work is needed to establish the scope and limits of this approach.
Conclusion
Raman spectra were collected as q ¼ 3, 25% (w/w) DMPC/ DHPC was cooled to 8.0 C after heating to 41.0 C. The temperature-dependent spectra were arranged in matrix format and subjected to pseudo-rank estimation and SMCR algorithms to recover the spectra and temperature profiles of the lipids in the mixture during the temperature cycle. The data were analyzed using a variant of the NMF algorithm. The rotational ambiguity of the data matrix was addressed by augmenting the original temperature-dependent spectral matrix with its cumulative counterpart: the matrix formed by successive addition of the spectra across the temperature index (columns). Pseudo-rank analysis indicated that the augmented data set consisted of seven to eight components. Successive rounds of constrained NMF were used to resolve background-free hydrated lipid spectra.
Five major components exhibiting varying degrees of gel and liquid crystalline lipid character were resolved. Hydrogen-bonded water networks exhibiting varying degrees of organization are associated with the lipid components. Spectral parameters were computed to compare the chain conformation, packing, and hydration indicated by the resolved spectra. Based on spectral features and relative amounts of the components observed, four components reflect long-chain lipid response. The fifth component could reflect the response of the short-chain lipid, DHPC, but there were no definitive spectral features confirming this assignment. A minor component of uncertain assignment that exhibits a striking response to the DMPC pre-transition and chain melting transition also was resolved. While none of the spectra resolved exhibit features unequivocally attributable to a specific aggregate morphology or the gelation process, the results are consistent with the presence of mixed phase bicelles (nanodisks) and small amounts of worm-like DMPC/DHPC aggregates, and perhaps DHPC micelles, at low temperature that condense to form branched and entangled wormlike aggregates above the DMPC gel phase transition, then perforated multi-lamellar aggregates with continued heating. It is notable that the results indicate that DMPC/DHPC mixtures in the concentration range investigated here contain a substantial fraction of long-chain lipids in melted chain phases well below the DMPC chain melting transition temperature and aggregates containing ordered lipids well above it.
